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Endothermic ion-molecule reactions in a tandem mass spectrometer have been used for a 
number of years for determining thermodynamic quantities, such as heats of formation and 
proton affinities, for gaseous ions. Recently, the reactive, endothermic collision has been 
exploited as an analytical technique for the structural analysis of peptides and other 
biomolecules. The technique is based upon the endothermic transfer of protons associated 
with amide bonds to ammonia. This reaction proceeds via a long-lived collision complex. 
When additional beam energy is supplied, other dissociation channels are opened up, 
leading to the production of sequence ions for the mass-selected, protonated analyte that 
are normally observed in high energy collision-induced dissociation spectra. The advan- 
tage, however, is that such spectra can be produced at very low beam energies. In this 
article, the rationale for developing this scheme, and its roots in previous ion-molecule 
studies, are explored. (J Am Sot Muss Spectrom 2991, 2, 289-297) 
T andem mass spectrometry (MS/MS) has be- come one of the most powerful techniques for the structural analysis of biological molecules. 
Tandem mass spectrometers consist of two separate 
mass analyzers, connected generally by a collision 
chamber. In the most common type of experiment, the 
first mass analyzer (MS-I) is not scanned but is tuned 
to transmit ions of a selected mass. These ions are 
then activated by collision with an inert target gas 
(commonly helium), and their decomposition prod- 
ucts (fragment ions) are analyzed by the second mass 
spectrometer (MS-II). Such instruments can be used 
to obtain the sequences of peptides, carbohydrates, 
and other biomolecules even when these are pre- 
sented to the instrument as mixtures. 
Four-sector tandem instruments (EBEB) are con- 
structed from two double-focusing mass spectrome- 
ters using combinations of electrostatic (E) and mag- 
netic (B) fields. Because of their high mass ranges, 
four-sector instruments are well suited for the amino 
acid sequence analysis of peptides obtained from high 
performance liquid chromatography fractionation of a 
tryptic digest of a protein. One commonly encounters 
situations in which two or more peptides coelute, so 
the ability to obtain sequence spectra of individual 
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components in a mixture becomes a tremendous ad- 
vantage. In the four-sector instrument, ions selected 
by MS-I are most commonly fragmented by collision- 
induced decomposition (CID) at high energy, utilizing 
the full accelerating energy (S-10 keV) obtained from 
the ion source in MS-I, as shown in Figure la. Alter- 
natively, intermediate collision energies are often uti- 
lized by electrically floating the collision cell. Because 
the energy spread of the product ions is thereby 
minimized, this improves mass resolution in MS-II, in 
which the product ion mass spectrum is recorded by a 
linked scan of E and B (Figure lb). Such collisions are 
also considered to be high energy collisions. 
In triple-quadrupole (QqQ) instruments, the hst 
and third quadrupoles are the mass analyzers MS-I 
and MS-II, while the middle @f-only) quadrupole 
passes ions of all masses and acts as a collision region. 
Such instruments can be used in much the same way 
as four-sector mass spectrometers, but are more lim- 
ited in mass range. In addition, they employ low 
energy (lo-100 eV) collisions for ion activation and 
dissociation. Fragmentation resulting from low energy 
collisions proceeds by somewhat different mecha- 
nisms than from high energy collisions. Nevertheless, 
low energy collisions are effective because the colli- 
sion cross sections are high and also because the 
tonger residence time in the collision chamber of these 
slower moving ions increases the probability for mul- 
tiple collisions. 
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Figure 1. Potential and kiietic energies of ions in a four-sector 
tandem mass spectrometer. (Top) High energy collisions for a 
colliiion cell at ground potential. (Middle) High energy colli- 
sions when the collision cell is floated at voltage intermediate 
between the ion source and ground. (Bottom) Low energy 
collisions, such as those used for endothermic ion-molecule 
reactions. 
Early Tandem Mass Spectrometers 
In 1954, Lindholm [l] constructed the first tandem 
mass spectrometer. In this instrument ions selected 
by the primary mass spectrometer (PMS) have ener- 
gies of 1 keV and are decelerated prior to entering the 
collision chamber. Deceleration lenses that provide 
excellent focusing at very low beam energies are criti- 
cal in such instruments and were described early on 
by Futrell and Miller [2]. In Lindholm’s instrument, 
product ions were extracted at 90’, with respect to the 
incoming primary ion beam, in order to discriminate 
against ions with appreciable forward momentum. 
Thus, the instrument was most suitably employed for 
the study of charge-exchange reactions. 
In the following decade, tandem mass spectrome- 
ters were constructed by Fite et al. [3], Stebbings et al. 
[4], Lehrle et al. [5], Abbe and Adloff (61, and Weiner 
et al. [7], the latter used earlier by one of us (RJC) for 
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the study of a number of endothermic reactions. These 
instruments were used (in part) for the determination 
of thermodynamic quantities (heats of formation, pro- 
ton affmities, etc.) of gaseous ions. Prior to the intro- 
duction of tandem mass spectrometers, such quanti- 
ties were determined by bracketing techniques, which 
were based upon the success or failure of observing 
an exothermic reaction occurring in the ion source of a 
single mass spectrometer. For example, in 1956 
Tal’rose and Frankevich [a] observed the reaction 
H+++ H,O + HS + H,O+ (1) 
which is exothermic, but did not observe the reaction 
C,H; + H,O + C,H + H30+ (2) 
which must therefore be endothermic. From these 
results they were able to establish a range for the 
proton affmity of water between 7.08 and 7.4 eV. 
Note that H,S and acetylene (in reactions 1 and 2, 
respectively) were present in the source at much 
higher pressure than that of H,O. This ensures that 
H,O+ (in both cases) is formed only from secondary 
processes and that the reverse reaction does not take 
place. The use of a reagent gas in excess of an analyte 
is, of course, the basis for chemical ionization (CI) 
mass spectrometry. In their original paper descrbig 
CI, Munson and Field [9] used methane as a reagent 
gas. In this case methane is ionized preferentially, 
and methane ions undergo a spontaneous (ex- 
othermic) proton transfer reaction as they collide with 
other reagent molecules 
CH; + CH, + CH; + CH, (3) 
These reagent ions (CH:) will then transfer a proton 
to a sample molecule (M) that has a higher proton 
affmity (i.e., for which the reaction 
CH: + M--t MH++ CH, (4) 
is exothermic). When the proton afhnity of the sample 
molecule is only slightly higher than that of the 
reagent molecule, ionization will be soft (i.e., there 
will be little fragmentation of the protonated 
molecule). Methane, isobutane, ammonia, and many 
other gases have been used and provide a range of 
proton affinities that can be used to control the degree 
of fragmentation. In addition, reagent gases can be 
chosen that will selectively ionize particular classes of 
compounds that have higher proton affmities than the 
reagent gas, but will not ionize those for which the 
proton transfer reaction is endothermic. This occurs 
because the kinetic energies of the ions and molecules 
in the source are essentially thermal. For example, 
ammonia is commonly used as a reagent gas for 
ionizing carbohydrates and glycosides. In this case, it 
is also interesting to note that this generally leads to 
J Am Sot Mass Spedrom 1!391,2,189-197 EN!DOTHERMlC ION MOLECULE REACTIONS 191 
the formation of stable adduct ions (MNH:), rather 
than the protonated species. 
Tandem mass spectrometers offer the opportunity 
to separate the primary ionization processes from 
secondary reactions between these ions and neutral 
molecules, More important, these instruments make it 
possible to study endothermic reactions because the 
heats of reaction can be derived from the kinetic 
energies of the primary ions, or more precisely, from 
the relative energy (E,,,) between the projectile ion 
and the neutral target in the center-of-mass frame 
% = (‘LB X Mn)/(Mion +Mn) (5) 
where Mien is the mass of the projectile ion, M, is the 
mass of the neutral target, and ELAB is the primary 
ion beam energy. Such studies can be carried out 
using reactive or nonreactive (CID) collisions. Thus 
(continuing our example), Friedman and co-workers 
[lo] studied the endothermic reaction 
D,O++ He + D,O + D++ He (6) 
using CID of D30+ with helium and determined a 
proton affinity of 8.0 eV for D,O, or 7.9 eV for H,O 
(after correction for zero-point energies). Alterna- 
tively, in 1973 Cotter and Koski [ll] studied the reac- 
tive, endothermic collision 
D,O++ D, + D; + D,O 
and, by using the deuteron affinity of D, reported 
previously [12], determined the proton affinity of H,O 
(corrected for zero-point energies) as 7.20 eV. 
Collision Complexes and Spectator-stripping 
Mechanisms 
Proton affmities, heats of formation, and other ther- 
modynamic quantities for gaseous ions and neutrals 
[13] have been derived from studies of endothermic 
ion-molecule reactions on tandem mass spectiome- 
ters. In such studies, ions selected from the primary 
mass spectrometer are decelerated to varying beam 
energies as they enter the collision chamber. The 
beam energy (kinetic energy of the ion in the labora- 
tory frame) at which the product ion is first observed 
(threshold) is converted to the relative energy accord- 
ing to eq 5. Because thresholds often exhibit consider- 
able tailing due to the kinetic energy distributions of 
both projectile ions and target neutrals, some correc- 
tion for this doppler broadening [14] can be made by 
deconvoluting these effects [ll, 121. In addition, the 
threshold is generally corrected by calibration against 
a reaction of known endothermic&y, in order to ac- 
count for instrumental uncertainties in determining 
the actual beam energy. 
Using conditions in which single collisions pre- 
dominate, the assumption is made that the threshold 
represents a point at which the beam energy (in the 
center-of-mass hame) corresponds to the (endother- 
mic) heat of reaction. This is most easily understood 
in cases in which the beam energy is converted into 
the internal energy of collision complex formed be- 
tween the reactant ion and neutral. In some cases, 
collision complexes are persistent or long-lived and 
can be observed as detectable ions; these are referred 
to as sticky collisions [15]. In other cases, their exis- 
tence as intermediates in the ion-molecule reaction 
can be demonstrated by angular distribution measure- 
ments [15, 161. In such cases the distribution of angu- 
lar velocities of the product ion is symmetric about the 
center-of-mass velocity. Collision complexes generally 
occur only at or near the endothermic threshold. At 
higher energies, direct processes occur that result 
from reactions in which only a portion of the projec- 
tile ion or target molecule participates. Such specta- 
tor-stripping mechanisms generally show consider- 
able asymmetry and forward momentum in their 
angular distributions about the center-of-mass. How- 
ever, they should be distinguished from CID pro- 
cesses, which are also direct and carry the forward 
momentum of the primary ion, because they do in- 
volve a chemical reaction. 
In 1965, the phase-space theory for ion-molecule 
reactions was introduced by Light [17]. The essential 
assumption of this theory is that all information about 
the initial states of the colliding particles (i.e., diiec- 
tion and magnitude of velocity) is lost when the 
collision complex forms. The distribution of product 
ion from the collision complex will reflect the internal 
(electronic, vibrational, rotational) energy states of the 
complex and those of the product ions and neutrals. If 
one monitors a product ion for a reaction that pro- 
ceeds via a long-lived complex, the ion intensity will 
increase at beam energies above the threshold as the 
internal energy of the complex rises. At still higher 
beam energies, the product ion intensity wiIl begin to 
decrease. The classical explanation for this decrease 
was provided by Gioumousis and Stevenson [18], 
who noted that the cross section for capture of the ion 
by the neutral molecule falls off as (E,,,)1’2. In the 
phase-space theory, however, the product ion de- 
creases much more rapidly with beam energy as the 
higher internal energy of the complex becomes dis- 
tributed over an increasing number of alternate disso- 
ciation channels. 
Endothermic Reactions on Four-sector instruments 
The instrument constructed by Weiner and Koski (and 
used earlier by one of the authors) differed from the 
instruments devised by Lindholm and co-worker [l, 
191 in that the primary mass spectrometer was floated 
at a voltage corresponding to the beam energy, obvi- 
ating the need for decelerating while focusing the ion 
beam [7]. Lie many other instruments of the time, 
product ions were extracted from the collision cham- 
ber at 90’, with respect to the primary beam, by 
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applying a low voltage on a repeller located in the 
collision chamber. Thus, the instrument was used 
initially for charge-exchange reactions [20] in which 
the product ions did not carry momentum in the 
primary ion beam direction. When used for the study 
of endothermic ion-molecule reactions, this arrange- 
ment discriminates in favor of reactions involving a 
collision complex, although somewhat higher repeller 
voltages could be used to extract ions from direct, 
stripping reactions at relatively low beam energies. 
This arrangement would be least favorable for CID at 
high beam energies for which the product ions carry 
appreciable forward momentum. 
In contrast, tandem four-sector instruments are 
generally designed for CID at high energies. The 
entrance and exit slits on the collision chamber for the 
primary and product ion beams, respectively, are 
colliiear. In its intended high energy mode, product 
ions enter the second mass analyzer with considerable 
forward momentum 
p = (2m,E)“2 
corresponding to kinetic energies 
KE = tm,/m,)eV (9) 
where ml = mass of the primary ion, m2 = mass of 
the product ion, and V = accelerating voltage. One 
then accounts for the dependence of ion kinetic en- 
ergy on the product mass by using linked scans of the 
electric (E) and magnetic sector (8) fields in MS-II. 
Using Endothermic Reactions for the Structural 
Analysis of Biomolecules 
We have recently developed and extended endother- 
mic ion-molecule reactions proceeding through a colli- 
sion complex for the structural analysis of peptides 
[21-231, carbohydrates containing amino sugars (241, 
and dimethyf amide derivatives of myristic acid [25]. 
Our experiments were conducted on a JEOL (Tokyo, 
Japan) HXllO/HXllO four-sector (EBEB) tandem mass 
spectrometer. When endothermic ion-molecule reac- 
tions are carried out near threshold, both the collision 
complex and its fragment ions will have momentum 
distributions that are symmetric and thermal (in the 
center-of-mass frame), reflecting the thermal distribu- 
tions of the primary particles. Because the center-of- 
mass velocity of the products ions is low, MS-II can 
be scanned in B only. This arrangement is shown in 
Figure lc, in which the collision chamber is floated to 
within a few volts of the ion source. The beam energy 
was determined (approximately) by measuring the 
voltage difference between the source and the colli- 
sion chamber. 
Initially we used ammonia as a collision gas for the 
endothermic transfer of protons from small peptides 
to ammonia, based upon a 1973 study by Yamdagni 
and Kebarle [26] of the reaction between ammonium 
ions and acetamide 
NH; + CH$ONH, * NH, + CH,CONH; (10) 
which is slightly exothennic ( - 0.16 eV, although more 
recent values [13] for the proton affinities of acetamide 
place the heat of this reaction as low as -0.10 ev). 
Peptide samples were ionized in the ion source by fast 
atom bombardment, which generally yields proto- 
nated peptide ions. For peptides that do not carry 
very basic residues (arginine, lysine), we assumed 
that protonation occurs primarily at the amide bond, 
so that proton transfer to ammonia would resemble 
the reverse (acetamide) reaction, with an endother- 
micity of about 0.16 eV. 
The reaction between protonated leucine enkeph- 
alin (MW 555) and ammonia as a function of labora- 
tory beam energy is shown in Figure 2. Because it is 
observed, the proton-bound collision complex 
(MNH:) is long-lived and has the same threshold as 
the product ion (NH:) at 6 eV. On the basis of 5, this 
corresponds to an endothermicity of 0.18 eV, suggest- 
ing that our assumptions on the site of protonation 
are correct. As the beam energy is increased, the 
intensities of both ions rise to a maximum (at 7.5 eV), 
and then rapidly decrease. At this point the internal 
energy of the collision complex is sufficiently high as 
to open other fragmentation channels. These channels 
correspond to the production of those sequence ions 
normally observed for this peptide in CID spectra; the 
C-terminal sequence ions (m/z 425 and 397) and the 
N-terminal sequence ion (m/z 279) are shown in 
Figure 3. At 15 eV, the fragment ion intensities have 
decreased, presumably because they can no longer be 
formed via a long-lived complex. Their intensities rise 
slowly as they are produced by low energy CID pro- 
cesses, and in this higher energy regime the spectra 
are nearly identical with those produced when helium 
is used as a target gas [23]. 
It is interesting as well to examine the ratio of the 
intensity of the b3 ion (m/r 278) to the y2 fragment 
ion (m /z 279) from leucine enkephalin as a function 
of beam energy. Several investigators [27, 281 have 
noted that this ratio is dependent upon the collision 
energy, and at a high collision energy of 6 keV it 
reaches its maximum of 1.5 + /- 0.2. Figure 4 shows 
the ratio of the m/z 278/279 intensities for collisions 
between leucine enkephalin and ammonia. At 10 eV 
(when the highest intensity of sequence ions arising 
from dissociation of the collision complex is observed) 
this ratio reaches a maximum slightly above 1.5. It 
then decreases as the collision complex is no longer 
formed, and rises again with increasing beam energy. 
This similarity between the results obtained by en- 
dothermic reactions at low energy and high energy 
CID led to our subsequent investigations (see below) 
into the possibility that charge-remote fragmentation 
could also be observed from collision complexes. 
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Figure 2. Relative intensities of the proton-bound complex and 
ammonium ions versus ion kinetic energy for the reaction of 
protonated leucine enkephalin with ammonia. (Organic Mass 
SpectromfTy, R. Orlando, C. Fen&au, R. J. Cotter. 01989, 
reprinted by permission of John Wiley & Sons, Ltd.) 
Why the Endothermicity Must Be Low 
For the hexapeptide Leu-Trp-Met-Arg-Phe-Ala (MW 
823), the charge on the protonated molecular ion will 
be carried by the basic arginine residue. While possi- 
ble, proton transfer from arginine to ammonia is a 
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Figure 3. Relative intensities of the fragment ions versus ion 
kinetic energy for the reaction of protonated leucine enkephalin 
with ammonia. (Organic Mass Spectromefry, R. Orlando, C. 
Fens&u, R. J. Cotter. 01989, reprinted by permission of John 
Wiley % Sons, Ltd.) 
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FigUre 4. Ratio of the b, fragment ion (m/z 278) to the y2 
fragment ion (m /z 279) versus ion kinetic energy for the reac- 
tion of protonated leucine enkephalin with ammonia. (Rapid 
Communications in Mass Spectromety, R. Orlando, C. Fenselau, 
R. J. Cotter. 01990, reprinted by permtssion of John Wiley & 
Sons, Ltd.) 
more endothermic process than transfer from the 
amide bond. The results for the collision between the 
protonated molecular ion of this hexapeptide and 
ammonia as a function of beam energy are shown in 
Figure 5. There is some indication of the formation of 
a collision complex at 22 eV in the laboratory frame 
(corresponding to an endothermicity of 0.45 eV); 
however, fragmentation by direct, low energy CID 
occurs much earlier and competes with the formation 
of a collision complex. Similar results were observed 
for luteinizing hormone-releasing hormone (MW 
1182), which also contains arginine residues. In both 
cases, the onset of direct CID processes occurred at 
relative energies of 0.32 eV, suggesting that endother- 
mic reactions must be selected that are below this 
limit. 
Charge-remote Fragmentation at Very Low Beam 
Energies 
Ammonia is a suitable endothermic target for any 
compound containing an amide bond. Thus, it can 
be used to examine the structures of carbohydrates 
containing N-acetylated amino sugars. Figure 6 shows 
the structure of N,N:N”-triacetyl chitotriose (MW 628) 
and the results for its reaction with ammonia. The 
onset of formation of the product ion (NH:) and the 
collision complex (MNH:) occurs at about 5 eV (or 
0.13 eV in the center-of-mass frame). At 10 eV, these 
ions decrease in intensity as the first fragmentation 
channels are opened up. These channels produce 
fragment ions (m/z 586 and 60) that result from 
cleavages on either side of the amide nitrogen. At 15 
eV, these ions give way to the formation of fragment 
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Figure 5. Relative intensities of the 
product ions from the reaction of the 
protonated molecular ion of the hexapep- 
tide Leu-Trp-Met-Arg-Phe-Ala with am- 
monia as a function of the molecular ion 
kinetic energy. (Organic Mass Spectrome- 
try, R. Orlando, C. Fenselau, R. J. Cotter. 
01989, reprinted by permission of John 
Wiley & Sons, Ltd.) 
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ions (m /z 407 and 204) resulting from cleavage of the 
glycosidic bond. That these ions may be attributed to 
dissociation of the collision complex is evidenced by 
their near disappearance at 30 eV. The glycosidic 
bond cleavages then rise slowly with beam energy as 
low energy CID processes predominate. 
Similar results were also obtained for GalGlcNAc 
[24], and underscored the possibility that control of 
the beam energy could be used for site-directed frag- 
mentation. Cleavage of the glycosidic bond (in this 
case) is remote from the protonation site, although 
the fragmentation might as well be explained as the 
result of the rearrangement. Charge-remote fragmen- 
tation was introduced by Gross and co-worker [29] for 
the structural analysis of long-chain fatty acids in high 
energy CID collisions. It has also been argued [30] 
that such fragmentation can also be observed in low 
energy CID, when multiple collisions can occur to 
pump up the internal energy of the protonated molec- 
ular ion. Our subsequent efforts, therefore, were di- 
rected to finding a suitable endothermic reaction 
scheme for long-chain fatty acids. 
The reaction between protonated molecular ions of 
the dimethyl amide derivative of myristic acid (N,N- 
dimethyl myristamide, whose structure is shown in 
Figure 7) and monomethyl amine appeared to have 
the required low endothermic&y. Based upon avail- 
able thermodynamic data [13], the reaction 
CH,CONH(CH,); + C&NH, 
--* CH,NH; + CH,CON(CH,), (11) 
E lab (eV) 
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Figure 6. (Top) Structure and fragmentation scheme for the 
protonated molecular ion of N,N:N” triacetyl chiohiose, and 
(bottom) relative intensities of the product ions from its reaction 
with ammonia as a function of ion kinetic energy. (Reprinted 
with permission from Cotter, R. J. Adytid Chmisfry 1990, 62, 
2389. Copyright 1990, American Chemical Society.) 
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has an endothermicity of 0.10 eV, and served as the 
model reaction. Results for the reaction of protonated 
N,N-dimethyl myristamide with monomethyl amine 
are also shown in Figure 7. The product of the proton 
transfer reaction (NH&H: at m/z 32) and the colli- 
sion complex (M + NH&Hi at m/z 273) are first 
observed at around 1.0 eV (in the laboratory frame), 
and reach their maximum intensity at 2 eV. This 
threshold corresponds to 0.11 eV in the center-of-mass 
frame, in agreement with the model reaction. An ion 
at mass 72, corresponding to the cleavage of the first 
C-C bond adjacent to the amide functional group, 
follows the same behavior. Assuming that the amide 
bond is the original site of protonation, formation of 
this fragment ion would be directed by the charge. 
As the beam energy is increased, the abundances 
of these three ions decrease as additional dissociation 
channels are opened up. At 3 eV, cleavages corre- 
sponding to losses of neutral CnH2n+2 remote from 
the charge site predominate and are associated with 
an intermediate collision complex with higher internal 
energy. Beyond 4 eV, fragment ions are no longer 
observed until the onset of low energy CID at 24 eV. 
Above 24 eV, only charge-directed ions are observed 
(up to 80 eV in this experiment). 
Gross and co-workers [29, 311 have estimated the 
activation energy for charge-remote fragmentation to 
be between 1.4 to 2.9 eV. They have argued that such 
energies can more easily be transferred to the molecu- 
lar ion by using high energy CID. Wysoki et al. [32] 
have estimated that 7-10 eV of excitation are re- 
quired, and that this can be achieved on triple- 
quadrupole, hybrid, and ion cyclotron resonance mass 
spectrometers through multiple, low energy colli- 
sions. In contrast, for the endothermic reaction be- 
tween dimethyl myristamide and monomethyl amine 
charge-remote fragmentation occurs at a relative en- 
ergy of only 0.3 eV. Similarly, for the oligosaccharides 
N,N;N”-triacetyl chitotriose and GalGlcNAc, cleavage 
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Figure 7. Structure and fragmentation 
scheme for the protonated molecular ion of 
N,N diiethyl myristamide, and relative 
intensities of the product ions from its 
reaction with monomethyl amine as a hmc- 
tion of ion kinetic energy. The region (O-6 
eV) has been expanded for clarity. (Organic 
Mass Spdrmety, R. Orlando, C. Fenselau, 
R. J. Cotter. 01990, reprinted by permts- 
sion of John Wiley % Sons, Ltd.) 
localised at the amide bond occurs at 0.3 eV, while 
cleavages of glycosidic bonds occur at 0.43 and 0.47 
eV, respectively. The fact that the onset of the colli- 
sion complex and the products of the proton transfer 
reactions occurs at predictable beam energies corre- 
sponding to model reaction involving amides sug- 
gests that single collisions are involved, and that there 
is no substantial contribution from precollision en- 
ergy, i.e., the protonated molecular ions are largely in 
their ground states. 
In addition, fragmentation induced by endothermic 
reactions can be highly efficient, as is shown in Figure 
8. For leucine enkephalm, the most abundant frag- 
ment ion (m /z 278) has an intensity of 23% relative to 
the surviving protonated molecular ion when reacted 
with ammonia at 10 eV. For high energy collisions 
with helium the intensity is only 2%. Alternatively, 
for the endothermic reaction 37.9% of the ion current 
was due to fragment ions, while for high energy CID 
it was only 1.5%. In general the reaction between 
protonated leucine enkephalii and ammonia (Figure 
8c) produces a product ion spectrum that more closely 
resembles that produced by high energy CID (Figure 
8a) than by low energy CID (Figure 8b) with helium. 
All three of these spectra were produced at target gas 
pressures that attenuate the ion beam by 80%. 
Conclusions and Future Prospects 
Prior to the introduction of desorption ionization 
methods, mass spectroscopists involved in the devel- 
opment of new techniques concerned themselves with 
the task of producing molecular ions from intractable 
(involatile) and high molecular weight compounds. 
These developments have been so extraordinary that 
it is now possible to observe molecular ions in excess 
of 100 kDa using ultraviolet laser desorption [33] and 
electrospray [34]. Thus, there is now considerable 
interest in improving methods for fragmenting large 
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Leucine enkephalinz high energy CID (6 kev) with helium 
Figure 8. Product ion mass spectra for the 
proton&d molecular ion of leucine 
enkephalin obtained by (Top) high energy 
(8 keV) collisions with helium, (Middle) low 
energy (10 eV) collisions with helium, and 
(Bottom) reactive collisions with ammonia at 
10 eV. Product ion spectra were all obtained 
at 80% attenuation of the protonated molec- 
ular ion at m/z 556, and abundances are 
relative to the surviving molecular ion. 
(Rapid Communications in Mass Spectrometry, 
R. Orlando, C. Fen&au, R. J. Cotter. 
01990, reprinted by permission of John 
Wiley & Sons, Ltd.) 
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ions to improve structural information. WhiIe CID has 
been the most commonly used method, the limita- 
tions set by eq 5 motivated our efforts to apply reac- 
tive collisions to small peptides and oligosaccharides, 
and ultimately to much larger structures. In particu- 
lar, eq 5 predicts that the relative energy (E,,,) avail- 
able for activation decreases with the size of the pro- 
tonated molecule (M,,,) at a particular beam energy 
(EL,,), so that processes that occur at very low rela- 
tive energies could, in effect, reduce the laboratory 
energy scale. Surface induced collisions [35] and laser 
photodissociation [36] have also been proposed as 
methods to overcome the Iimitations on rerative en- 
ergy imposed by eq 6. The alternative that we present 
allows chemistry to do the work, rather than increases 
in the impacting energy. That is, the formation of 
product ions depends upon the heat of the reaction 
which, through the choice of appropriate target gases, 
can enable reactions to occur at energies below those 
needed for the onset of activation by CID. Indeed, 
mildly exothermic reactions may also be employed, 
resulting in the appearance of product ions near zero 
beam energy, although in this case extraction and 
focusing of secondary ions would be somewhat more 
dficult to accompBsh. 
We would expect that such reactions may be ex- 
tended to much larger molecules with the same effi- 
ciency and, indeed, our efforts are currently aimed in 
that direction. A major limitation has been in devising 
suitable reaction schemes for peptides containing very 
basic residues such as arginine and lysine, because 
tryptic fragments of proteins will generally carry one 
of these residues on the C-terminus. In this case, 
monomethyl amine shows promise as a suitable tar- 
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get gas. Additionally, because four-sector tandem in- 
struments are generally optimized for high energy 
collisions in which product ions carry considerable 
forward momentum, we are developing improved 
deceleration and extraction optics for low velocity 
incoming and product ions, respectively. 
At the same time, the improved efficiency of reac- 
tive collisions at low energy could prove to be beneh- 
cial to triple-quadrupole (QqQ), hybrid (EBqQ), ion 
trap, and Fourier-transform ion cyclotron resonance 
mass spectrometers, resulting in product ion spectra 
that resemble those obtained from the high energy 
collisions used in the more expensive four-sector in- 
struments. 
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